Recently we h a ve extended our codes based on the Schwinger variational iterative method in order to study elastic electron scattering by non-planar molecules with symmetries reducible to the C 2v point group and also to include a correlation-polarization contribution to the electron-molecule interaction potential. In this work we report the rst application of these newly extended codes to the calculation of cross sections for low-energy elastic scattering of electrons by methane. Di erential, integral and momentum-transfer cross sections were calculated in the 0.1 50 eV incident energy range. Comparison of our results with the extensive a vailable data, both experimental and theoretical, reveals the reliability of our method. Particularly, the Ramsauer minimum at around 0.4 eV and the resonance structure at around 8 eV are well reproduced in our calculations.
I. Introduction
Over the last fteen years the Schwinger variational iterative method SVIM 1 has been widely used for calculations on elastic electron-molecule scattering 2-6 and molecular photoionization 1, 7-11 . Also, combined with the distorted-wave approximation, SVIM has been applied to the investigation of electronic excitation in molecules [12] [13] [14] [15] [16] [17] [18] . Besides its capability of treating electron scattering by both neutral and ionic molecular targets, SVIM has very solid theoretical grounds. It provides continuum wavefunctions that are shown to converge to the exact solutions of the speci ed projectile-target interaction potential being used 19 . Fully ab-initio calculations using SVIM have led to reliable cross sections and other related parameters over a large range of incident energies, from low a f e w eV to intermediate up to a hundred eV in a number of previous applications. However, except for a study on photoionization of methane 10 the use of SVIM has been limited to diatomic, linear and planar polyatomic molecular targets. In addition, those applications of the method have been restricted to the static-exchange SE level of approximation. On the other hand, accurate descriptions of the electron-molecule collision dynamics at the low and very-low sub-eV energy ranges usually require treatments beyond the SE level of approximation, namely, an appropriate balance of static, exchange and correlation-polarization potentials. We have recently extended our SVIM codes in order to treat nonplanar molecules with symmetry reducible to C 2v . Also, in this extended version a local correlationpolarization contribution to the electron-molecule interaction potential is included, following the prescription recommended by P adial and Norcross 20 . As a rst application of the new version of our codes we studied the elastic e , CH 4 scattering in a wide incident energy range.
Methane is an interesting system on its own. It has been identi ed as a source of infrared absorption in the atmospheres of Jupiter and Saturn, and is a primary constituent of the atmospheres of outer planets such as Uranus and Neptune 21 . Also, methane is an important species in plasma processing 22 and plays a role in edge plasmas of fusion devices 23 . Secondly, electron collisions with methane are a very well studied problem, both experimentally and theoretically. Some pioneering experimental works reported in the 20's and 30's showed a deep minimum at around 0.4 eV and a broad maximum at 8 eV in the total cross sections 24-27 . These structures have also been seen in more recent measurements of elastic integral and momentumtransfer cross sections ICS and MTCS 28-34 . Differential cross sections DCS of elastically scattered electrons have also been extensively studied. Recent experimental data on DCS were reported in a number of works: Curry et al. 21 On the theoretical side, the literature is equally rich. DCS, MTCS as well as ICS for elastic e , CH 4 scattering have been calculated in the last fteen years at di erent levels of approximation. Model potentials at static-exchange SE and at static-exchangepolarization SEP levels were used by several authors 36-39 . The Schwinger multichannel method using pseudopotentials was applied by Bettega et al. 40 to study elastic scattering of electrons by X H 4 molecules X=C, Si, Ge, Pb. An exact SE calculation for elastic e , CH 4 scattering was reported by Lima et al. 41 . Beyond the exact-SE level, the correlation-polarization contributions to the interaction potential were taken into account either via an approximated local function 42,43 or via a multichannel treatment of the scattering equations 44,45 . In this work we use our newly extended version of the SVIM codes to calculate DCS, ICS and MTCS for elastic e , CH 4 scattering in the 0.1 50 eV energy range. The large amount of data provided by this calculation will be compared with the numerous results available in the literature. Our particular interest is to check if our method is capable, for instance, of describing correctly the structures in the ICS curve, namely, the Ramsauer minimum at very low energies and the broad resonance at around 8 eV. Once the reliability i s rmly assured, our new codes will be applied to electron scattering by larger nonplanar systems.
The organization of the paper is as follows. In Sec. II we brie y discuss some aspects of the theory been used and in Sec. III we present some details of the computation. Our results are presented and compared with the available data in the literature in Sec. IV, where we also present short concluding remarks.
II. Theory and calculation
The Schr odinger equation for the continuum scattering orbitals can be written in atomic units as: In an actual calculation we compute the converged partial wave K-matrix elements, K p Sn k;lh;l 0 h 0 . These K-matrix elements can be obtained by replacing D + by its principal value, D P , in Eq. 8. Hence, the corresponding partial-wave T-matrix elements can be calculated from 
III. Computational details
In our study U is an optical potential which includes both an exact static-exchange part and a parameterfree correlation-polarization CP contribution. Following the prescription of Padial and Norcross 20 , the correlation-polarization e ects are introduced in the potential through a parameter-free model which combines the target correlation calculated from the local electrongas theory for short distances with the asymptotic form of the polarization potential, given for T d molecules by:
19 where 0 is the spherical part of the molecular dipole polarizability. In our calculations the experimental value 0 = 1 7 :5 a.u. was taken 47 . An SCF wavefunction for methane ground state is obtained and is used to generate the static-exchange-polarization potential. In Table 1 we show the contracted Cartesian Gaussian basis set used in this calculation. At the equilibrium C , H bond distance R C,H = 2 :0503 a 0 this basis set gives an SCF energy of -40.1987 a.u. which can be compared with the -40.2155 a.u. value of Nishimura and Itikawa 39 . In the present calculation the cuto parameter used in the expansions of the target bound orbitals and of the static plus CP potential is l c = 16.
All possible values of h l are retained. With this cuto , the normalization of all bound orbitals is better than 0.999. In SVIM calculations, we h a ve limited the partial-wave expansions to l c = 12 for energies E 0 30 eV, and to l c = 7 for lower energies. In Table 2 we show the basis set R o used for the trial scattering functions. All the SVIM calculations are converged within four iterations. 42 are also shown for comparison. In general, there is a good agreement among the various ICS data. Our calculation has predicted a shape resonance in ICS at around 10 eV which is in good agreement with the theoretical results of Jain 36 , though shifted approximately 2 eV from the experimental value. In addition, our calculated Ramsauer minimum is located at around 0.4 eV, slightly lower than the experimental minimum at 0.6 eV. As it can be seen in Fig. 2 , all the calculated MTCS agree quite well with each other within 15 and also with the experimental data of Boesten and Tanaka 32 . However, the measured data of Shyn and Cravens 31 are much l o wer, particularly in the region of the maximum, located at around 8 eV. Our theoretical results also show a minimum in the MTCS at around 0.3 eV which i s i n v ery good agreement with both calculated results. In Fig. 3 we show our calculated DCS for elastic e , CH 4 scattering at the electron impact energy of 0.5 eV, along with the experimental data of Sohn et al. 30 as well as with some recent theoretical results 42-44 . The deep minimum at 60 o in the measured data is fairly well reproduced by the calculations. Nevertheless, the R-matrix calculation has also shown a second minimum at around 110 o , neither seen in the measured nor in all other theoretical data. Quantatively, our calculated results are also in general good agreement with the experimental data, particularly for scattering angles above 7 0 o .
In Fig. 4 our calculated DCS at 1.0 eV are compared with the experimental data of Sohn et al. 30 and the theoretical results from Jain 36 , McNaughten et al. 42 and Lengs eld III et al. 44 . Our calculated SE results are also included in this gure. Again, the deep minimum at around 35 o in the experimental data is well reproduced by all calculations which include polarization e ects. In particular, our static-exchange plus correlation-polarization calculation show s a v ery good agreement with the experimental results at the region of the minimum. As expected, the SE calculation was unable to reproduce this feature. For the sake of completeness, in Table 3 we also present our calculated DCS, ICS, and MTCS for energies ranging from 0.1 to 50 eV.
In summary, the newly extended version of the SVIM codes which accounts for the correlationpolarization e ects is applied by the rst time to study the elastic electron scattering by a nonplanar molecule. More especi cally, w e h a ve calculated ICS, MTCS and DCS for elastic e , CH 4 scattering, over a wide range of incident electron energies. In general our calculated results are in very good agreement with experimental and theoretical data reported in the literature which demonstrates that our new computational codes are highly reliable. Applications of these codes to other molecular systems are underway. 
